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Abstract
We propose a model based on quantum molecular dynamics (QMD) incorpo-
rated with statistical decay model (SDM) to describe various nuclear reactions
in an unified way. In this first part of the work, the basic ingredients of the
model are defined and the model is applied systematically to the nucleon(N)-
induced reactions. It has been found that our model can give a remarkable
agreement in the energy-angle double differential cross sections of (N,xN ′)
type reactions for incident energies from 100 MeV to 3 GeV with a fixed pa-
rameter set. An unified description of the major three reaction mechanisms of
(N,xN ′) reactions, i.e. compound, pre-equilibrium and spallation processes,
is given with our model.
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I. INTRODUCTION
Nuclear reactions reveal various aspects of hadronic many-body problem as a function
of the target and projectile combination, the incident energy and the angular momentum
involved. In nucleon induced reactions, for example, the compound process is dominant in
low energy region, while the pre-equilibrium and spallation processes become more likely
as the incident energy increases. In heavy-ion collisions, we also have to introduce various
models of different natures depending on each specific process. However, most of them are
restricted to the specific energy regime or specific phenomenon and some of them have too
many parameters to obtain a definite physical conclusion from the analysis.
The main purpose of the series of our work is to develop a model which can describe the
various aspects of nuclear reactions in an unified way. We try to seek a model with minimum
number of parameters, a wide range of applicability, and a quantitative agreement with as
many observables as possible. In addition to these requests, we demand the model to be so
simple that one can run its computer code on work stations.
In the heavy-ion physics, microscopic models, which describe reactions in terms of the
dynamics of the interacting nucleons, are commonly used to extract the information of
the nuclear matter under extreme conditions from the final observables. The most pop-
ular models of this type are the Boltzmann-Uehling-Uhlenbeck/Vlasov-Uehling-Uhlenbeck
(BUU/VUU) [1], the quantum molecular dynamics (QMD) [2], and CASCADE type mod-
els [3,4]. So far these microscopic models have shedded light on several exciting topics in
heavy-ion physics, e.g. the multifragmentation, the flow of the nuclear matter, and the
energetic particle production. However the parameters of the models such as the effective
interaction, elastic and inelastic channels of NN cross section, differ substantially from one
model to the other even in the same type of model. Furthermore, these models have not
been tested intensively in much simpler light-ion reactions except for an analysis of (p,xn)
reaction carried out by Peilert et al [5]. In their analysis, however, the lower part of neutron
energy spectra cannot be treated, since statistical decay following the QMD process was not
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included. We thus start the series of our work from the analysis of the simplest type of the
reactions, the (N, xN ′) (nucleon in, nucleon out) reaction in this paper, aiming to establish
an unified model for various nuclear reactions. In the subsequent works, we are planning to
analyze (N, xπ), (π, xN) reactions and heavy-ion reactions.
We restrict our subject to the reactions of nucleon-nucleus, meson-nucleus and nucleus-
nucleus collisions with energies well above Coulomb barrier up to several GeV/nucleon,
where the classical treatment of the collisions is justified in a first-order approximation. We
do not deal with the phenomena which are dominated by the quantum effects. In this energy
regime, the whole reaction process could be divided into two parts, i.e. dynamical process
and statistical process. These two processes are well separated in their time scales. In the
dynamical process, the direct reactions, nonequilibrium reactions, and dynamical formation
of highly-excited fragments take place during typical collision times of the order 10−22 sec.
After that, the evaporation and fission decay, which we call the statistical process, occur
in the longer time scale of the order 10−21 − 10−15 sec. We thus employ a two step model,
namely, we incorporate quantum molecular dynamics (QMD) for the dynamical process with
statistical decay model (SDM). Similar hybrid models have been used in the analysis of the
heavy-ion collisions [6–8].
In this paper, we define the basic ingredients of QMD plus SDM model and discuss how
these two are combined without introducing any additional parameter. We then apply this
model systematically to (N, xN ′) reactions, and discuss which element in the model is crucial
for describing these reactions and what is necessary to develop the model further. In Sec.
II we describe the details of the QMD, the effective interaction, NN elastic and inelastic
cross sections, the relativistic corrections and the statistical decay model employed in our
model. In Sec. III we compare the various double differential cross sections calculated by
this model with the experimental data for proton induced reactions with incident energies
from 100 MeV up to 3 GeV. We summarize and conclude this work in Sec. IV.
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II. DESCRIPTION OF THE BASIC MODEL
As we mentioned above, our basic model consists of two part, the quantum molecular
dynamics (QMD) and the statistical decay model (SDM). The reason of employing the
QMD model for the description of the dynamical processes is that the QMD can calculate
the fragment formation in a natural and practical way. Though the QMD method is widely
used in the study of nuclear fragmentation [2], the details of the prescription differ from
author to author. Aiming to establish a simple standard model, we will start from the
standard type of QMD, taking into account of the relativistic kinematics and the relativistic
correction for the effective interaction. Additionally, we treat the resonances of nucleon,
∆ and N∗(1440), and real pions with their isospin degrees of freedom in the equation of
motion. For the statistical decay process, we use a simple prescription including only the
light particle evaporation.
A. Quantum Molecular Dynamics
1. Basic equations and effective interaction
The QMD method is a semi-classical simulation method in which each nucleon state is
represented by a Gaussian wave function of width L,
φi(r) =
1
(2πL)3/4
exp
[
−(r−Ri)
2
4L
+
i
h¯
r ·Pi
]
, (1)
where Ri and Pi are the centers of position and momentum of i-th nucleon, respectively.
The total wave function is assumed to be a direct product of these wave functions. Thus the
one-body distribution function is obtained by the Wigner transform of the wave function,
f(r,p) =
∑
i
fi(r,p), (2)
fi(r,p) = 8 · exp
[
−(r−Ri)
2
2L
− 2L(p−Pi)
2
h¯2
]
. (3)
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The time evolution of Ri and Pi is described by Newtonian equations and the stochastic
two-body collision term. The Newtonian equations are derived on the basis of the time-
dependent variational principle [2] as
R˙i =
∂H
∂Pi
, P˙i = − ∂H
∂Ri
, (4)
where the Hamiltonian H consists of the single-particle energy including the mass term and
the energy of the two-body interaction. As for the effective interaction, we adopt the Skyrme
type, the Coulomb, and the symmetry terms in this paper. By using the Gaussian function
of nucleons [Eq. (3)], we get
H =
∑
i
Ei
+
1
2
A
ρ0
∑
i
< ρi > +
1
1 + τ
B
ρτ0
∑
i
< ρi >
τ
+
1
2
∑
i,j(6=i)
ci cj
e2
|Ri −Rj| erf
(
|Ri −Rj|/
√
4L
)
+
Cs
2ρ0
∑
i,j(6=i)
(1− 2|ci − cj|) ρij , (5)
with
Ei =
√
m2i +P
2
i , (6)
where erf denotes the error function. In the above equation, ci is 1 for protons and 0 for
neutrons, while < ρi > is an overlap of density with other nucleons defined as
< ρi > ≡
∑
j 6=i
ρij ≡
∑
j 6=i
∫
dr ρi(r) ρj(r)
=
∑
j 6=i
(4πL)−3/2 exp
[
−(Ri −Rj)2/4L
]
, (7)
with
ρi(r) ≡
∫
dp
(2πh¯)3
fi(r,p)
= (2πL)−3/2 exp
[
−(r−Ri)2/2L
]
. (8)
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In this paper we use the parameters A = −219.4 MeV, B = 165.3 MeV, and τ = 4/3 which
yield a compressibility of K = 237.3 MeV, saturation at ρ = ρ0 = 0.168fm
−3 and a binding
energy of 16 MeV per nucleon for infinite nuclear matter. The symmetry energy parameter
Cs is chosen to be 25 MeV. The width of Gaussian L is a parameter of the QMD and fixed
as L = 2.0 fm2 in this paper.
2. Two-body collision term
In addition to the Newtonian equation Eq. (4), the time evolution of the system is
affected by the two-body collision term. In the QMD method, the stochastic two-body
collision process is introduced in a phenomenological way on the analogy of the test-particle
calculation of the BUU collision term [1]. It includes the Pauli blocking factor (1−f(r,p, t)),
which is lacking in the cascade collision process [3,4]. We follow basically the prescription
of the two-body collision term used in the BUU calculation done by Wolf et al. [9,10], and
modify it to extend the energy range up to 3 GeV. We thus describe here the outline of the
procedure of Ref. [9,10] and explain the extensions introduced in this paper. Further details
of the collision term and the dynamics of ∆’s, N∗’s, and pions discussed below can be found
in Ref. [9,10].
It is assumed that two particles collide if their impact parameter defined in a covariant
way is smaller than a given value bmax =
√
σ/π obtained from cross section σ. The collisions
are considered as instantaneous interaction and a collision event is specified by the two points
in space-time where the collision happens. Therefore it is hard to retain the covariance, since
one has to choose a common reference frame for the QMD calculations. Hence the average
proper time of the collision points defined by each particle is used to determine the time
step in which the collision happens. This collision prescription was checked for heavy-ion
collisions from 400 MeV/nucleon to 2.1 GeV/nucleon, and it was found that the disturbance
of the covariance was very small [9].
In order to treat the reactions with high bombarding energies, we include in our QMD
6
simulation the nucleons (N), deltas (∆(1232)), N∗(1440)’s and pions with their isospin
degree of freedom. The ∆’s and N∗’s are propagated in the same interactions as the nucleons
except for the symmetry term, while pions feel only the Coulomb interaction. The creation
and absorption of these particles are treated in the collision term. In the following, we list all
channels included in the collision term, where B denotes a baryon and N , more specifically,
a nucleon:
1. Bi + Bj → Bi + Bj
2. N + N → N + ∆
3. N + ∆ → N + N
4. N + N → N + N∗
5. N + N∗ → N + N
6. N + π → ∆
7. N + π → N∗
8. ∆ + π → N∗ .
(9)
The channel 8 has been added to the prescription of Wolf et al. [9], which is the inverse
process of the additional decay channel of N∗(1440)’s (cf. channel 11 below).
We use the following parametrization for all baryon-baryon elastic cross section (channel
1 in Eq. (9)),
σ =
C1
1 + 100
√
s ′
+ C2 (mb), (10)
with
√
s ′ = max(0,
√
s−Mi −Mj − cutoff) (GeV), (11)
where cutoff is 0.02 GeV for nucleon-nucleon channel, while it is zero for the others. This
is the conventional Cugnon parametrization form [1,4]. We use this form up to
√
s ′ =
0.4286 (GeV), which corresponds to 1 GeV Lab energy for nucleon-nucleon case. Above 1
GeV, we parametrize the experimental p-p and p-n elastic cross section [13,14] as,
σ = C3
[
1− 2
π
tan−1
(
1.5
√
s ′ − 0.8
)]
+ C4 (mb). (12)
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In order to connect Eqs. (10) and (12) smoothly, we slightly modified the parameters of
Cugnon [1,4]. The actual values of the parameters Ci in the above equations are listed in
Table I. The angular distribution of the elastic channels is taken from the same form as
Cugnon parametrization [1,4].
For the production of baryonic resonances (channel 2 and 4 in Eq. (9)), we adopt the
total cross section based on the parametrization of VerWest and Arndt [11], in which the
pion cross sections are parametrized assuming the pions are produced through baryonic
resonances. Their parametrization was performed by fitting the experimental data up to 1.5
GeV incident energy. In order to extend the energy range up to 3 GeV, we have modified
the parameters in the following way. In the model of VerWest and Arndt, the cross sections
are parametrized according to the initial and final total isospin i and f of the two-nucleon
system [11] as
σif (s) =
π(h¯c)2
2p2
α
(
pr
p0
)β
m20Γ
2(q/q0)
3
(s∗ −m20)2 +m20Γ2
, (13)
where
p20 =
1
4
s0 −m2N , s0 = (mN +m0)2,
p2r(s) =
[s− (mN − 〈M〉)2][s− (mN + 〈M〉)2]
4s
, (14)
q2(s∗) =
[s∗ − (mN −mpi)2][s∗ − (mN +mpi)2]
4s∗
,
s∗ = 〈M〉2, q0 = q(m20),
and 〈M〉 is the mean mass of the resonance [11] obtained from a Breit-Wigner distribution
with M0 = 1220 MeV, Γ0 = 120 MeV for the ∆ and M0 = 1430 MeV and Γ0 = 200 MeV for
the N∗. From these cross sections, we determine the production cross section of ∆’s [9] as
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p + p → n + ∆++ : σ10 + 12σ11,
p + p → p + ∆+ : 3
2
σ11,
n + p → p + ∆0 : 1
2
σ11 +
1
4
σ10,
n + p → n + ∆+ : 1
2
σ11 +
1
4
σ10,
n + n → p + ∆− : σ10 + 12σ11,
n + n → n + ∆0 : 3
2
σ11.
(15)
We have effectively included the cross section of the πd final state, parametrized as σd10 in
[11], in the cross section of σ10.
We assume in this paper that the cross section σ01 in [11] contributes only to the N
∗
production independently of the isospin components. Thus we rename σ01 as σN∗ , and the
N∗ production cross sections are given by
p + p → p + N∗+ : 3
2
σN∗ ,
n + p → p + N∗0 : 3
4
σN∗ ,
n + p → n + N∗+ : 3
4
σN∗ ,
n + n → n + N∗0 : 3
2
σN∗ .
(16)
The new parameters in Eq. (13) are given in Table II. In order to determine these parameters
and the parameters of elastic cross section in high energy part defined in Eq. (12), we fitted
the experimental p-p and p-n cross sections [13,14]. In Fig. 1, we show the p-p (a) and p-n (b)
total (solid line), elastic (long dashed line), and inelastic (dot-dashed line) cross sections.
The inelastic cross section is the sum of the ∆ (short dashed line) and N∗ (dotted line)
production cross section, calculated by Eqs. (10,12,13,15,16). In the same figure, we show
the corresponding experimental total (open circles), elastic (open triangles), and inelastic
(open boxes) cross sections [14] with error bars. For the p-p case, the present parametrization
of elastic and inelastic cross sections fits to the data for whole energy range up to 3 GeV
except for the some deviation around 1 GeV, which is due to the elastic cross section and
does not affect the result. On the other hand, for p-n case where only the total cross section
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is available in the data, we fitted it at the energy higher than 0.7 GeV up to 3 GeV, and
adopt the Cugnon’s type elastic cross section in the low momentum region instead of the
free elastic cross section.
In Fig. 2 we show the pion cross section of pn→ nnπ+ + ppπ− (solid line) obtained by
our new parametrization of Table II. In the same figure, the gray bold line denotes the result
of the original parametrization of VerWest and Arndt [11], while the experimental data are
taken from Ref. [14]. By this new parameter set, our pion production cross section below 1.5
GeV does not differ so much from the original results of VerWest and Arndt [11], which are
essentially the same as the data. However, above 1.5 GeV, our result fitted the experimental
data, while the result obtained by extrapolating the original parametrization of VerWest
and Arndt to higher energy shows a big bump, which has no experimental support.
In the higher energy region, the role of N∗ becomes important. One of the good quan-
tities which shows the characteristics of the higher resonances is the elementary two pion
production cross section. In the present prescription it is described only by σN∗ combined
with the decay modes of the resonances which will be mentioned below. For example, it is
shown in our prescription that
σ(pn→ ppπ0π−) = 1
15
σN∗ ,
σ(pn→ pnπ+π−) = 5
12
σN∗ , (17)
σ(pp→ ppπ+π−) = 1
3
σN∗ .
We thus plot the σN∗ in Fig. 3 as well as the experimental two pion production cross
sections [14] scaled by above factors. This figure shows that our parametrization fitted the
gross features of the experimental data for the energy range up to 3 GeV. Although this
parametrization should be modified if two delta production channel or the direct two pion
decay of N∗ or higher resonances are included, the present prescription of the elementary
inelastic channels could roughly reproduce the experimental single and two pion production
cross sections for the energy range up to 3 GeV.
We do not take into account the direct s-state pion production mechanism but all pions
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are assumed to be produced through baryonic resonances. The masses of the resonances
are randomly distributed according to the Breit-Wigner distribution with the momentum-
dependent width [12], i.e.,
f(M) =
0.25Γ2
(M −Mr)2 + 0.25Γ2 , (18)
with
Γ =
(
q
qr
)3
Mr
M
(
v(q)
v(qr)
)2
Γr, (19)
where q denotes the c.m. momentum in the πN channel, and index r refers to the values at
the mass Mr, and
v(q) =
β2r
β2r + q
2
. (20)
We have applied this momentum dependent width not only to the ∆-resonance but also to
N∗(1440). The values of the parameters used in this paper are listed in Table III.
Another important ingredient of the resonance production (channel 2 and 4 in Eq. (9))
is the angular distribution of the resonances. Wolf et al. [9] parametrized the angular
distribution of the experimental data [19] for p + p → n + ∆++ and assumed the same
angular dependence for each isospin channel in the following form,
gR(s, cos θ) = a0(s) [a1(s) + 3a3(s) cos
2 θ], (21)
with
a0(s) =
1
4π(a1(s) + a3(s))
. (22)
The values of a1(s) and a3(s) are given in Table IV. In the high energy region
√
s > 2.4 GeV,
which corresponds to the laboratory energy higher than 1.2 GeV, this angular distribution
is assumed to be constant, since there is no experimental data to be fitted in this energy
region. However, above the resonance region Elab > 1.2 GeV, this is not justified because, for
example, the angular distribution of protons from 27Al(p, p′) at 3.17 GeV reaction calculated
by Eq. (21) deviates from the experimental data (cf. discussions on Fig. 9 in the next section).
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In order to get a better parametrization for high energy part, we assume that the angular
dependence is effectively written as a sum of gR and another term gD as
gA(s, cos θ) =
1
2
[gR(s, cos θ) + gD(s, cos θ)] . (23)
where
gD(s, cos θ) = b0(s) exp
[
−2 p2(s) b1(s) (1− cos θ)
]
, (24)
and
b0(s) =
p2(s) b1(s)
π ( 1− exp[−4 p2(s) b1(s)] ) , (25)
b1(s) =
0.14 s2 [3.65 (
√
s−mN −mR) ]6
1 + [3.65 (
√
s−mN −mR) ]6 , (26)
p2(s) =
[s− (mN −mR)2][s− (mN +mR)2]
4s
. (27)
This form of gD is obtained by modifying the Cugnon parametrization [1,4] of the NN elastic
angular distribution so as to trace the angular distribution of Eq. (21) in the resonance region,
and approach the elastic-like angular distribution for the higher momentum region. We use
this angular distribution for ∆-resonance and N∗(1440). For the latter case, we apply this
formula by shifting the energy
√
s by the mass difference of the two resonances, i.e., 208
MeV. The energy dependence of this angular distribution is shown in Fig. 4, where we plot
gR (gray bold dashed lines) and gD (solid lines) in (a), while gR (gray bold dashed lines) and
gA (solid lines) in (b). In these figures, we symmetrized the elastic-like angular distribution,
i.e., 1
2
[gD(s, cos θ) + gD(s,− cos θ)], in order to compare it with the angular distribution of
Eq. (21) (gray bold dashed lines). In the next section, we will discuss the dependence of the
final results of (N, xN ′) reactions on this angular distribution of the hadronic resonances.
The cross sections for the channel 3 and 5 in Eq. (9) are determined by the law of
detailed balance from the cross section of channel 2 and 4 with taking into account the mass
dependence of the cross section [10].
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For the pion absorption cross section on nucleons (channel 6 and 7 in Eq. (9)) we take
the maximum cross sections from the particle data table [13] and scale them according to
the Breit-Wigner formula. For the case of pion absorption on ∆ (channel 8 in Eq. (9)),
we assume the same cross section as the channel 7 with shifting the energy by the mass
difference of the ∆ and nucleon.
Apart from the collision term, we take into account the decay of the baryonic resonances
during the propagation as
9. ∆ → N + π
10. N∗ → N + π
11. N∗ → ∆ + π
(28)
The decay probability of the resonances is determined by a exponential decay law using
their momentum-dependent width Eq. (19) and their proper time. The decay is assumed
to be isotropic in their rest frame. The branching ratio of the channel 10. and 11. of Eq.
(28) is taken from the particle data table [13] as ΓN∗→∆+pi/[ΓN∗→∆+pi + ΓN∗→N+pi] = 0.4.
The other branching ratios concerning their isospin are determined from the appropriate
Clebsch-Gordan coefficients.
3. Relativistic corrections
Non-covariant framework is another problem of applying the QMD method to the reac-
tions at higher bombarding energies. As explained above, we have already introduced the
relativistic form of energy expression in the Hamiltonian Eq. (5) and adopted the relativistic
kinematics in the collision term. However a covariant formulation of the interaction term
is necessary for a full relativistic description. A Lorentz covariant extension of the QMD,
dubbed relativistic quantum molecular dynamics (RQMD), has been proposed by Sorge et
al. [15] based on the Poincare´-invariant constrained Hamiltonian dynamics. Although the
RQMD is a numerically feasible extension of QMD toward a fully covariant approach, it
still costs too much computing time to apply the RQMD model to heavy systems. We
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thus make the following alternative extension of QMD and include the main part of the
relativistic dynamical effects in our model.
Lehmann et al. [16] have compared the time evolution of the phase space and the particle
production obtained by QMD and RQMD, looking for the relativistic effects in heavy-ion
collisions in the intermediate energy regime. They found that there is no significant difference
between the results of QMD and RQMD in the η and π meson production cross sections
[16] and the proton inclusive spectra [17]. The difference appeared only in the values of the
maximum density [17] and the transverse flow [18]. Both are larger in RQMD. Their studies
showed that a large part of the difference comes from the Lorentz contraction of the initial
phase space distribution in RQMD. If this Lorentz contraction is employed in the normal
QMD, however, the transverse flow is overestimated. Thus they concluded that in RQMD
this effect is partially counterbalanced by the covariant treatment of the interaction, but
there still remains an increased flow compared with the normal QMD calculation. Based
on their investigation, we introduce in this paper the Lorentz-scalar quantities into the
arguments of the interactions in Eq. (5) as well as the Lorentz contraction of the initial
phase space distribution. By these modifications the main part of the relativistic dynamical
effects would be approximately included in our QMD.
All arguments of the interaction in Eq. (5) are written as a function of the squared spatial
distance:
R2ij = (Ri −Rj)2. (29)
In the RQMD [16,17], these arguments are replaced by the squared transverse four-
dimensional distance −q2Tij defined as
− q2Tij = −q2ij +
(qij · pij)2
p2ij
, (30)
where qij is the four dimensional distance qi − qj , while pij denotes the sum of the four
momenta of the two particle pi + pj. In the c.m.s of the particle i and j, the squared
covariant transverse distance −q2Tij reduces to the usual squared distance. We therefore
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change the argument in Eq. (5) from the R2ij to the squared distance in the c.m.s. of the two
particles R˜2ij, where the tilde means the quantities defined in the c.m.s of the two particles,
R˜2ij = R
2
ij + γ
2
ij
(
Rij · ~βij
)2
, (31)
with
~βij =
Pi +Pj
Ei + Ej
, γij =
1√
1− ~β2ij
. (32)
By this change, all interactions of the Hamiltonian [Eq. (5)] depend also on the momen-
tum. The form of the equation of motion [Eq. (4)] changes to
R˙i =
Pi√
m2i +P
2
i
+
∑
j
Dij
∂ R˜2ij
∂Pi
, (33)
P˙i = −
∑
j
Dij
∂ R˜2ij
∂Ri
, (34)
with
Dij = − 1
2
A
ρ0
1
2L
ρij
− 1
1 + τ
B
ρτ0
τ
2
(
< ρi >
τ−1 + < ρj >
τ−1
) 1
2L
ρij
+
e2
2
cicj
{
− 1|R˜ij |
erf
( |R˜ij|√
4L
)
+ 8πL ρij
}
1
R˜2ij
− Cs
2ρ0
(1− 2|ci − cj|) 1
2L
ρij , (35)
and
∂ R˜2ij
∂Ri
= 2Rij + 2γ
2
ij
(
Rij · ~βij
)
~βij (36)
∂ R˜2ij
∂Pi
=
2γ2ij
Ei + Ej
(
Rij · ~βij
)
×
{
Rij + γ
2
ij
(
Rij · ~βij
)(
~βij − Pi
Ei
)}
, (37)
where ρij is defined in Eq. (7).
We also introduce the Lorentz-scalar quantities into the one-body phase-space distribu-
tion function Eq. (3) as
15
fij = 8 · exp
[
− 1
2L
R˜2ij −
2L
h¯2
P˜2ij
]
, (38)
where P˜2ij denotes the squared relative momentum in the c.m.s of the particle i and j, which
is expressed for two particles with the same mass as
P˜2ij = P
2
ij − (Ei − Ej)2, (39)
with
Pij = Pi −Pj. (40)
At the starting point of the QMD calculation, we boost the ground state of projectile
(and target as well if c.m.s of the target and projectile is chosen as a reference frame)
according to the beam energy. The coordinate Rbiz and momentum P
b
iz of the nucleon in
the beam direction z after the boost are obtained by the Lorentz transformation from those
before the boost, Riz and Piz, as
Rbiz = (Riz −R0z) / γ + R0z, (41)
Pbiz = γ (Piz + βEi), (42)
where R0 denotes the initial c.m. coordinate of the nucleus, while β and γ are the boost-
ing velocity and its gamma factor, respectively. At this moment, the potential energy of
the system and the phase-space distribution function keep the same values as those before
the boost due to their Lorentz-scalar properties discussed above. During the propagation
of the boosted nuclei, however, those quantities are changing slightly even in the above
prescriptions, since the equations of motion Eq. (33) and (34) are not covariant. But the
disturbance due to the non-covariant feature of the equation of motion is negligibly small up
to the energy 3 GeV/nucleon. We thus introduce the relativistic corrections discussed above
to the non-covariant QMD to save the computing time instead of using the full covariant
framework.
We should mention here that if one employs the Lorentz contraction for the boosted initial
state but does not replace the arguments of the interaction and phase-space distribution by
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the Lorentz-scalar ones, the potential energy decreases about 80 MeV and the phase-space
factor at each nucleon’s point changes about 40 % after the boost in the case of 40Ca even at
1 GeV/nucleon boosting energy. This means that the boosted ground state obtained by this
way may decay spontaneously before it collides with the other nucleus. By our prescription,
we are free from this problem.
We have checked the above prescription by analyzing the transverse flow, which is sensi-
tive to the treatment of the relativity as discussed in Ref. [16]. In Fig. 5 we show the energy
dependence of so called directed transverse momentum < Pdirx >, which is a measure for the
transverse flow and defined by
< Pdirx >=
1
N
N∑
i=1
sign [YCM(i)]Pix, (43)
where YCM(i) is the rapidity of the i-th baryon in the c.m.s and Pix its transverse momentum
in the reaction plane. We plot the result of the present QMD simulation (solid line with
full boxes) as a differences from that of RQMD [17] for 40Ca + 40Ca reactions at b = 2 fm,
for the energy range from 150 MeV/nucleon to 4 GeV/nucleon. In these calculations, we
use the same ground states (mentioned below), the same gaussian wave packets and the
same interaction (mentioned before). We omitted the Coulomb interaction and two-body
collision term for a simplicity. In Fig. 5, we also plot the other results obtained by the
standard QMD (dot-dashed line with open circles) without the initial Lorentz contraction
and without the relativistic corrections, and by the standard QMD only with the Lorentz
contraction (dashed line with open boxes). As mentioned before, the Lorentz contraction of
the initial phase space distribution increases the flow, which is shown by the change from
the dot-dashed line to the dashed line. By the full covariant treatment of the interaction,
however, this effect is counterbalanced, but still remains an increased flow [16]. As seen in
Fig. 5, our prescription does not deviate so much from the full covariant treatment up to 3
GeV/nucleon. We thus expect that our QMD simulation with the relativistic corrections is
very close to the covariant simulation RQMD in this energy regime.
At much higher energy, however, our result is decreasing linearly from that of RQMD.
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This deviation comes from the different treatment of the potential between the RQMD [17]
and our QMD; a Lorentz scalar type in the former, while a time-component of the vector type
in the later, respectively. This is understood qualitatively by considering a single particle
motion under a fixed external potential U . In the Lorentz scalar treatment of the potential
U , the single particle energy p0i is expressed in this simple case as
p0i =
√
p2i +m
2
i + 2miU. (44)
Accordingly the equation of motion is
P˙i = −mi
p0i
∂U
∂Ri
. (45)
On the other hand in our prescription they are
p0i =
√
p2i +m
2
i + U, (46)
and
P˙i = − ∂U
∂Ri
. (47)
In this test calculations, the form of ∂U
∂Ri
, which is attractive in the beginning, is almost
the same in our QMD and in the RQMD. Thus the force of our QMD becomes larger
and deviates linearly from that of the RQMD as energy increases. Above 3 GeV/nucleon,
therefore, the full covariant prescription is necessary to describe the reactions particularly
the nucleus-nucleus collisions. This is out of scope of this paper.
Some details of actual numerical calculations should be mentioned here, since all potential
terms depend on the momentum by the relativistic corrections. In order to keep a numerical
accuracy, we use the second order Runge-Kutta method to integrate the equations of motion.
For the energy conservation for the collision term, we assume
Ei + Ej + Upot = E
′
i + E
′
j + U
′
pot, (48)
where Ei, Ej , and E
′
i, E
′
j are the energies of particle i and j before and after the collision,
while Upot and U
′
pot the potential energy of the system. We determine iteratively the final
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momenta of the colliding particles so as to satisfy the energy conservation Eq. (48). This
prescription is applied to the channels 1 to 5 in Eq. (9), 9 to 11 in Eq. (28). For the pion
absorption channels of 6, 7 and 8 in Eq. (9), the energy conservation is written as
Ei + Ej + Upot = ER + U
′
pot, (49)
where ER is the resonance energy. In this case, we determine iteratively the rest mass of
the resonance to conserve the energy.
4. Properties of “ground state”
An important ingredient of the QMD calculation is how to determine the initial phase
space distribution of the projectile and target. For that we cannot use the real ground
state (energy minimum state) of the system defined by the Hamiltonian Eq. (5), since the
model does not have the Fermionic properties. However, it is necessary to obtain a stable
“ground state”. Also some typical properties of the real ground state should approximately
be fulfilled, especially the binding energy and phase space distribution. To get such “ground
state”, we employ the following random packing procedure [8];
We distribute the centers of positionRi of the individual Gaussian wave packet according
to a distribution of the Woods-Saxon shape with the radius R0 = 1.124 A
1/3 − 0.5 fm and
the diffuseness parameter a = 0.2 fm. We cut off the Woods-Saxon tail at Rmax = 1.124 A
1/3
fm. In this procedure, we impose minimum distance between the centers of the Gaussians
in order to reduce the density fluctuation. We use 1.5 fm for the identical nucleons and 1.0
fm for the other.
Now we can calculate the density and potential energy at any point (here, we do not
need the relativistic correction discussed in the previous sub-section). Then the center of
momentum Pi is randomly sampled from the sphere of radius pF(Ri) which is the Fermi
momentum obtained by the local Thomas-Fermi approximation. This sampling is rejected
and another value is sampled if the sum of kinetic and potential energy of the particle is
19
positive or the phase space factor f(Rj,Pj) (cf. Eqs. (2) and (3) ) for the nucleon j which
have been previously accepted violates the Pauli principle [8].
Finally, we check the total binding energy with the simple mass formula [20], i.e.,
Ebin = − 15.56 A+ 17.23 A2/3
+ 46.57
(N − Z)2
2A
+
3
5
Z2e2
1.24A1/3
. (50)
If the binding energy per nucleon obtained by our sampling lies within Ebin± 0.5, we adopt
this configuration as a “ground state”.
Thus the “ground state” obtained by this procedure always has an appropriate binding
energy. However, there is still open phase space below the Fermi surface, since the “ground
state” is not the energy minimum state of the Fermions. In fact, during the time evolution of
the “ground state” under the QMD dynamics described in previous sub-section, only 70 %
of the collisions are blocked by the final state Pauli blocking in the two-body collision term.
It is allowed at a collision that one nucleon goes down to the lower energy state and the other
goes up to the positive energy state. This means that some nucleons could be spontaneously
emitted after some time due to the fluctuation of the configuration. To avoid this problem,
we assume from a technical point of view that any pair of nucleons originated in the same
nucleus does not collide each other until at least one of them experience a collision with a
nucleon from the other nucleus. By this assumption the number of the emitted nucleons
from the “ground state” is reduced to less than about 1 % of the nucleons up to the time
200 fm/c.
The density profile of the “ground state” obtained here has high density in the center
and rather wide surface shape. This is due to the large width of Gaussian L = 2.0 fm2
used in this paper. On the other hand, the momentum distribution of the “ground state”
well reproduces the result of Hartree-Fock calculation. In Fig. 6, we show (a) the density
ρ(r) distribution and (b) the momentum distribution ρ(p) for the “ground state” of 40Ca
obtained by QMD simulation (solid lines). The results shown here are averaged quantities
over time evolution up to 200 fm/c and over 100 events. The error bars in Fig. 6 denote
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the fluctuations in time evolution averaged over 100 events. Although the fluctuation of the
one event is much larger, this figure shows that the ground state profile is very stable in
time on the average over the events. In the same figure, we also plot the results of Hartree-
Fock calculation (dot-dashed lines) and the limit of infinite nuclear matter (dashed lines).
The energy spectra of the emitted particles given in the next section, particularly of the
subthreshold particle production [21] are more sensitive to the momentum distribution than
the density profile. This is the reason why we adopted a parametrization which leads to a
better momentum distribution at the cost of diffuse density profile.
B. Statistical Decay Model
At the end of the dynamical stage of the reactions, the QMD simulation yields many
fragments, which are normally in highly excited states. One may think that the decay process
of the excited fragments might be described by the QMD dynamics if we can continue the
calculation for enough long time. However, we do not follow this method but instead we
stop the QMD calculation and switch to the statistical decay model (SDM) at the end of
the dynamical stage. There are two reasons for this hybrid model. One is that the time
scales of the dynamical and statistical processes are quite different. It is not clever or even
practically impossible to continue the reliable QMD calculation more than 10−20 sec which
is necessary to calculate the decay process. Another is a more fundamental reason that the
Fermi statistics, which is essential to describe the decay process of the fragments, cannot be
traced correctly in the QMD simulation [22].
We identify the fragments together with their excitation energies at about 100 ∼ 150
fm/c of the QMD simulation. The dependence of the final results on this switching time
will be discussed in the next section. Each fragment is recognized by using a minimum
distance chain procedure, i.e., two nucleons are considered to be bound in a fragment if the
distance between their centroids is smaller than 4 fm. We then calculate the total energy of
the fragment in its rest frame and estimate the excitation energy by subtracting the ground
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state energy given by Eq. (50).
Though there have been proposed many sophisticated statistical decay codes so far, we
use here the simple model of light particle evaporation. We consider only n, p, d, t, 3He,
and α evaporation. The emission probability Px of these particles x is given with the Fermi
gas model as,
Px = (2Jx + 1)mx ǫ σx(ǫ) ρ(E) dǫ, (51)
where Jx, mx, and ǫ are the spin, mass and kinetic energy of the particle x, while σx(ǫ) and
ρ(E) denote the inverse cross section for the absorption of the particle with energy ǫ and
the level density of the residual nucleus with the excitation energy E, respectively. We use
the following simple form for ρ(E),
ρ(E) = w0 exp
(
2
√
aE
)
, (52)
with a = A/8 MeV−1 and w0 is a constant. The inverse cross section is assumed to have the
form
σx(ǫ) =


(1− Ux/ǫ) πR2 : ǫ > Ux
0 : ǫ ≤ Ux
(53)
where R denotes the absorption radius and Ux is a Coulomb barrier for the particle x,
for which we employ empirical values used in the existing statistical decay code [23]. The
excitation energy E in Eq. (52) is given by
E = E0 − ǫ−Q, (54)
where E0 denotes the excitation energy of the parent nucleus and Q is the reaction Q-value
calculated from the mass formula Eq. (50). The total emission probability Rx of the particle
x is obtained by integrating the available energy of Eq. (51) as
Rx = (2Jx + 1)mx
×
∫ E0−Qx
Ux
ǫ σx(ǫ) ρ(E0 −Qx − ǫ) dǫ. (55)
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This integration can be calculated analytically and the energy spectrum of the emitted
particles is given by
N(ǫx) dǫx =
ǫx − Ux
T 2x
exp
{
−ǫx − Ux
Tx
}
dǫx, (56)
with
a T 2x = E0 − Ux −Qx. (57)
In this formulation, we do not consider the γ decay nor the angular momentum de-
pendence. The latter is important for the heavy-ion reactions but not so serious for the
nucleon-induced reactions considered in this paper. We simulate the whole statistical de-
cay process as a sequential light particle evaporation discussed above by making use of the
Monte-Carlo method until no more particle can be emitted.
III. ANALYSIS OF THE (N,XN’) REACTIONS
In this section, we systematically apply the QMD plus SDM method described in the
previous section to (N, xN ′) (nucleon in, nucleon out) type reactions. In order to get suffi-
cient statistics, we performed the QMD calculations for a large number of events, typically
50000 events, and averaged them to obtain the following results.
We first check the dependence on the switching time tsw when the QMD calculation
is stopped and switched to SDM, which is an ambiguous point of the present model. In
Fig. 7, we show a typical neutron energy spectrum at 30◦ laboratory angle for the reac-
tion p(1.5GeV)+208Pb. Note that x-axis is plotted in a logarithmic scale to compare the
calculated results in detail with the experimental data particularly in a low energy region.
The experimental data (full boxes with error bars) are taken from Ref. [24]. The solid his-
togram denotes the final result of the QMD + SDM calculation. In this case, we switch the
QMD calculation to SDM at 100 fm/c. In the same figure, we also plot the spectrum of
the neutron obtained only by the QMD calculation up to 100 fm/c (dot-dashed histogram)
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and that coming from the QMD fragments calculated with SDM (dashed histogram), re-
spectively. The former shows a cascade and/or preequilibrium energy spectrum, while the
latter an evaporation spectrum. These two components of spectrum are affected by chang-
ing the switching time tsw. However, the total spectrum shape, which is the sum of the two
components, stays almost unchanged if an adequately long time is chosen for the switching
time tsw. This is shown in Fig. 8, where we plot results of the total spectra calculated by
QMD + SDM with three different switching times, 50 fm/c (dashed line), 100 fm/c (solid
line) and 150 fm/c (dot-dashed line). This figure shows that although the latter two lines
resemble each other, they deviate definitely from the first line. This indicates that the QMD
fragments before 100 fm/c are not in thermal equilibrium and that within a time interval
from 100 fm/c to 150 fm/c the decay processes of the excited fragments described by QMD
and SDM are nearly equivalent. Although we should keep in mind that these two are not
identical at low temperature as the former is always dominated by the classical statistics
[22], we can conclude that the final results are not sensitive to the switching time tsw as long
as it is chosen after the time when the thermal equilibrium is achieved and before the time
the temperature of the fragments become low and classical statistics breaks down seriously.
The similar conclusion has been obtained in Ref. [6], which indicates that the minimum
switching time to get stable results depends on the size of system and the incident energy.
For the case of nucleon induced reactions, we found that 100 fm/c is enough to get stable
results and we use this value for all systems in the present study.
Next check is the detailed examination of the inelastic channels in the two-body collision
term. For this purpose we compare our results with the experimental data at high incident
energy of proton on the light-mass target, which directly reflects the elementary processes
included in the model. In Fig. 9, we plot the invariant cross section of the proton (left-hand-
side) and negative pion (right-hand-side) emission for the reaction p (3.17GeV)+27Al. The
experimental data (full boxes with error bars) are taken from Ref. [25] and the results of
QMD + SDM are denoted by solid histograms. In the same figure, we plot results of QMD
+ SDM with the different choice of the angular distribution of the resonances. The dashed
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histograms are the results obtained with only the resonance-like angular distribution of Eq.
(21), while the dot-dashed histograms are those with the direct-like angular distribution of
Eq. (24), respectively. This figure shows that the average of the two components of the
angular distribution of Eq. (23) well fits the experimental proton spectra. On the other
hand, the pion spectra are rather insensitive to the angular distribution of the resonances.
Instead, their spectra are dominantly determined by the mass distribution of the resonances
of Eq. (18). Although the authors of Ref. [25] analyzed these data by making use of the
two-moving-source model, our QMD + SDM can reproduce excellently the proton and pion
spectra at the same time without any special assumption.
In Figs. 10-15, we compare the neutron energy spectra obtained by the QMD + SDM
calculations with the experimental data [24,26] for Fe and Pb targets at the proton energy
from 113 MeV up to 3 GeV. In the fields of application of accelerators, such as spallation
neutron sources, accelerator-based transmutation systems, and shielding of cosmic ray in
space activity, the production of slow neutrons plays an important role. That is the reason
we chose these data [24,26] to compare with, since the neutron spectra from 1 MeV up to
the beam energy are available. For efficient comparisons of the calculations and the data,
both for low energy and high energy regions, we plot the same results in two figures with
the x-axis in a logarithmic scale (left-hand-side) and in a linear scale (right-hand-side). One
can see the detail of the thermal and preequilibrium neutron spectra in the former figure,
while the direct-like components of the spectra in the latter figure, respectively.
These figures indicate that over the broad range of the incident energies from 100 MeV to
3 GeV, independently of the targets, and of all angles of the outgoing neutrons, our results
of the neutron energy spectra agree well with the data from 1 MeV up to the beam energy.
Though one may notice some disagreement at the high energy part of the most forward
angle, which will be discussed later, the overall agreement is satisfactory. Particularly a
remarkable agreement of the present calculations with the low energy neutron data below
several tens MeV confirms that the QMD gives proper excitation spectra of the excited
fragments from which the statistical neutron emission takes place. With a suitable chosen
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fixed set of parameters, our QMD plus SDM model is able to reproduce quantitatively the
overall neutron spectra for the broad range of the incident energies and target masses.
At 113 MeV, we additionally compare our results with the prediction of the intranuclear
cascade plus light particle evaporation model (NUCLEUS) [27]. This model is essentially
the intranuclear reaction part of NMTC [28] and HETC [29] codes. Calculations with
NUCLEUS yield almost the same results as ours in the forward angles but give lower values
in the backward angle, which is denoted by the dashed histogram at 150 degree in Fig. 10. In
this energy regime it has been reported [30,31] that the semiclassical preequilibrium models
based on an intranuclear cascade model also fail to reproduce the angular distributions.
We found from the detailed comparison of the calculations that the underestimation of the
backward angle in the above models is due to the insufficient treatment of the soft interaction
of a nucleon with all the rest of the nucleons in the nucleus, which is naturally included in
the QMD formalism.
One may think that this explanation is in contradiction with Ref. [5,33] where they at-
tribute the failure to the insufficient contributions from second and higher order collisions.
To resolve this problem, we have checked that the NUCLEUS has almost the same prescrip-
tion of hard nucleon-nucleon interaction and has almost the same momentum distribution in
the ground state as QMD. Difference is that our QMD part includes the soft nucleon-nucleon
interaction but NUCLEUS does not. This soft interaction diffracts the nucleon. As a result,
the yields of the backward angle increase and by the same reason the number of multiple
hard collisions also increases.
On the other hand, a multistep model of the Feshbach-Kerman-Koonin (FKK) [32] has
been also applied to the energy regime around 100 MeV [33]. Although the FKK approach
successively reproduced the angular distribution, the overall absolute values of their results
are very sensitive to the strength parameter of the residual interaction, which is adjusted
to fit the experimental data. The strength so determined depends on the incident particle,
target nucleus and incident energy. In QMD, on the contrary, the parameters of the soft
nucleon-nucleon interaction in Eq. (5) are taken common to all reactions and determined
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from the nuclear saturation condition. In addition, the final results are not so sensitive to
them.
The first analysis of (p, xn) reactions by the QMD approach in the energy regime up to
800 MeV has been done by Peilert et al. [5]. The neutron spectra of their results are very
similar to those of the present work above several tens MeV. Their analysis, however, cannot
predict a whole spectra of neutron, since the contribution of the statistical decay from the
excited fragments produced in the QMD calculation was not considered in their work.
Though the present results show overall agreement with the data for the very broad
energy regime, one can see a systematic deviation from the data in the high energy part
of the neutron spectra at the most forward angle at incident energy from 113 MeV up to
800 MeV (see the right-hand-side of Fig. 10-13). We suppose that the soft nucleon-nucleon
interaction is responsible for this deviation. One possibility is a momentum dependent
interaction that is not included in the present QMD, by which the nucleon could be affected
coherently by the surrounding nucleons when its momentum is drastically changed by the
hard nucleon-nucleon scattering. For the higher incident energies (see Fig. 14 and 15), this
deviation disappears. In those cases, we have checked that the neutrons in the high energy
part of the forward angle emerge after at least once experiencing the resonances of nucleon,
and that the effects of the soft interaction is relatively small. The analysis by the QMD
including the momentum dependent interaction will be reported in the forthcoming paper.
IV. SUMMARY AND CONCLUSION
We have proposed the quantum molecular dynamics (QMD) incorporated with the sta-
tistical decay model (SDM) aiming to describe various nuclear reactions in a unified way,
and applied this model to the (N, xN ′) reactions. We have checked and found that the
final results do not depend on the switching time when the QMD simulation is stopped and
switched to the SDM calculation as long as the switching time is chosen between 100 fm/c
and 150 fm/c for the nucleon induced reactions. Therefore there left little ambiguity with
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respect to the switching of two different kinds of models to describe whole process of the
reactions in a unified way.
In order to describe the reactions at high incident energies up to 3 GeV, we have taken
into account two baryonic resonances, the ∆(1232) and the N∗(1440) as well as the pions in
the QMD model. The elementary cross sections related to these resonances and pions are
basically taken from the experimental data. The angular distributions of the resonances,
which information is very poor in the experimental data, have been fixed to fit the 27Al(p, p′)
data [25] at 3.17 GeV. It should be noted that the energy spectra of the nucleons from
the (N, xN ′) reactions on the small target are suitable quantities to obtain the detailed
information of the angular distribution of the resonances, while the pion spectra are useful
to extract the information of the mass distribution of the resonances.
In addition to the relativistic kinematics and approximately covariant prescription of
the collision term, we have introduced the Lorentz-scalar quantities to the arguments of the
interactions and to the phase space factor. By this relativistic corrections together with the
Lorentz contraction of the initial phase space distribution, the main part of the relativistic
dynamical effects is approximately described in our QMD for the energy regime up to 3
GeV/nucleon. Validity of this model has been confirmed by the analysis of the transverse
flow for the heavy-ion collisions in comparison with the results obtained by the covariant
version of quantum molecular dynamics (RQMD).
We have applied systematically QMD + SDM to the (N, xN ′) reactions for a broad
range of incident energies from 100 MeV to 3 GeV and of target masses. The present
model reproduced the overall feature of the outgoing neutrons quite well without assuming
any reaction mechanism, and without changing a parameter set. Although there are a lot of
parameters in the model which have not been investigated extensively in this paper, the final
neutron spectra analyzed here do not depend so much on them, for example, the equation
of state (choice of the interaction), width of the gaussian wave packets, and the detail of
the statistical decay process. The main ingredients of the model, which produce the present
results of the neutron spectra down to the energy of several MeV, are the parametrization of
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the elastic and inelastic elementary cross section and the many-body dynamics itself, which
have been discussed both in detail in this paper. We thus conclude that the present QMD
+ SDM scheme gives a unified picture of the major three reaction mechanisms of (N, xN ′)
reactions; i.e. compound, pre-equilibrium and spallation processes.
Finally, we should mention that the present model is ready to be applied directly to the
heavy-ion reactions in its original form. A study of heavy-ion reaction using this model is
now under consideration.
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FIGURES
FIG. 1. p-p (a) and p-n (b) total (solid line), elastic (long dashed line), and inelastic (dot-dashed
line) cross sections, which is the sum of the ∆ (short dashed line) and N∗ (dotted line) production
cross section, calculated by Eqs. (10, 12, 13, 15, 16). The experimental total (open circles), elastic
(open triangles) and inelastic (open boxes) cross sections are taken from Ref. [14].
FIG. 2. Pion cross sections of pn→ nnpi+ + pppi− (solid line). The gray bold lines denote the
results of the original parametrization of VerWest and Arndt [11], while the experimental data are
taken from Ref. [14].
FIG. 3. Two pion production cross section. The solid line denotes σN∗ , while the experimental
data [14] are scaled according to the factors of Eq. (17).
FIG. 4. The energy dependent angular distribution of resonance production. (a) Two compo-
nents of the angular distribution. The solid lines represent the elastic like angular distributions
of Eq. (24), 12 [gD(s, cos θ) + gD(s,− cos θ)], while the gray bold dashed lines are the resonance like
angular distributions of Eq. (21). (b) The total angular distribution of ∆ (solid lines), which is the
sum of gR and gD. The gray bold dashed lines are the same as in (a)
FIG. 5. The directed transverse momentum as a function of energy/nucleon for 40Ca +40 Ca
reaction at b = 2 fm. The results are shown as the differences from that of the RQMD [17]. The
solid line with full boxes denotes the result of the present model with the relativistic corrections
and the initial Lorentz contraction. The dot-dashed line with open circles is the result of the
standard QMD without the initial Lorentz contraction and without the relativistic corrections,
while the dashed line with open boxes is the result of the standard QMD only with the initial
Lorentz contraction, respectively.
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FIG. 6. (a) Density distribution ρ(r) and (b) momentum distribution ρ(p) of the ground state
of 40Ca obtained by the QMD simulation (solid lines) averaged over the time evolution up to 200
fm/c and over 100 events. The error bars denote the fluctuations in time evolution averaged over
100 events. The dot-dashed lines show the results of Hartree-Fock calculations, while the dashed
lines denote the limit of infinite nuclear matter.
FIG. 7. Neutron energy spectrum at the 30◦ laboratory angle for the reaction
p(1.5GeV)+208Pb. The experimental data (full boxes with error bars) are taken from Ref. [24].
The solid line denotes the final result of the QMD + SDM calculation with the switching time
tsw = 100 fm/c. The dot-dashed line is the result obtained only by the QMD calculation up to 100
fm/c, while the dashed line the neutron spectra coming from the QMD fragments calculated with
SDM, respectively.
FIG. 8. The total energy spectra calculated by QMD + SDM with different switching time,
tsw = 50 fm/c (dashed line), tsw = 100 fm/c (solid line) and tsw = 150 fm/c (dot-dashed line). The
reaction system is the same as in Fig. 7.
FIG. 9. Invariant cross sections of the proton (left-hand-side) and negative pion
(light-hand-side) emission for the reaction p(3.17GeV)+27Al at different laboratory angles as indi-
cated in the figure. Full boxes with error bars are the experimental data taken from Ref. [25] and
the results of QMD + SDM are denoted by solid histograms. The dashed histograms are results of
another QMD + SDM obtained with only the resonance-like angular distribution Eq. (21), while
the dot-dashed histograms with the direct-like angular distribution Eq. (24), respectively.
FIG. 10. Neutron energy spectra for the reaction p (113 MeV)+56Fe at different laboratory
angles as indicated in the figure. The x-axis is plotted in a logarithmic scale in the left-hand-side,
while the linear scale in the right-hand-side. The solid histograms are the results of QMD + SDM,
the open circles with error bars denotes the experimental data taken from Ref. [26]. The dashed
histograms denote the results of NUCLEUS [27] at the 150◦ laboratory angle.
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FIG. 11. Same as Fig. 10 for the reaction p (256 MeV)+208Pb.
FIG. 12. Same as Fig. 10 for the reaction p (597 MeV)+56Fe.
FIG. 13. Same as Fig. 10 for the reaction p (800 MeV)+208Pb.
FIG. 14. Same as Fig. 10 for the reaction p (1500 MeV)+208Pb. The full boxes with error bars
are the experimental data taken from Ref. [24].
FIG. 15. Same as Fig. 14 for the reaction p (3000 MeV)+208Pb.
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TABLES
TABLE I. Elastic cross section parameters.
p-n others
C1 (mb) 28.0 35.0
C2 (mb) 27.0 20.0
C3 (mb) 12.34 9.65
C4 (mb) 10.0 7.0
TABLE II. Inelastic cross section parameters.
σ11 σ10 σN∗
α 3.0 14.0 23.0
β 0.9 -0.3 1.5
m0 (MeV) 1188 1245 1472
Γ (MeV) 99.02 120.0 300.0
TABLE III. Parameters in the width of resonances.
Mr (MeV) Γr (MeV) βr (MeV)
∆ 1232 110 300
N∗ 1440 200 523
TABLE IV. Parameters in fR(s, cos θ).
√
s(GeV)
√
s ≤ 2.14 2.14 < √s ≤ 2.4 2.4 ≤ √s
a1(s) 0.5 29.03 − 23.75s + 4.865s2 0.06
a3(s) 0.0 −30.33 + 25.53s − 5.301s2 0.4
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